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Abstract 



Telemedicine is much more than just teleconferencing. ISDN could be used in some low-end applications, but many 
telemedicine applications will require the higher bandwidth and guaranteed qualities of service supported by ATM 
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m elemedicine can be defined as the provision of health 
■ care through a combination of telecommunications 
and multimedia technologies with medical expertise. 
Telemedicine has become increasingly possible due to a con- 
fluence of ongoing technical advances in multimedia, imaging, 
computers, and information systems as well as in telecom- 
munications. Multimedia systems are now being designed 
which integrate these technologies to unlock some of the 
untapped potential in diverse applications. For instance, 
although many medical imaging devices produce digital 
images, it has been generally impractical to transmit or access 
these images interactively over wide area networks. However, 
the use of compression hardware and software, the widespread 
acceptance of a medical imaging standard, and the greater 
available bandwidth in new telemedicine and medical imaging 
systems make interactive access to these images a reality. 
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I Figure 1 . An example of umnn telemedicine ii> extend a I'ACS 10 remote sues 



Although the cost effectiveness of telemedicine has yet to be 
proven, and there are other unresolved technical and nontech- 
nical issues, several dozen pilot telemedicine programs are 
currently being carried out around the world [1]. Once these 
issues are addressed and solved satisfactorily, many health 
care providers will be compelled to implement telemedicine 
systems in order to meet clinical demands and to remain tech- 
nically current and competitive in an increasingly global market. 

The goals of telemedicine are to improve access to care 
and medical education and to enhance overall quality of care 
at affordable cost. Improved access to care and cost savings 
could be achieved by allowing a doctor to remotely examine 
patients or to consult with a specialist. This reduces or elimi- 
nates the time and expense of travel necessary to bring the 
patient to the doctor or the doctor to the patient [2]. Qualify 
of care is improved by providing the needed services in a 

timely fashion and expanding the 
pool of medical specialists avail- 
able to a given facility, making it 
more likely that a given case could 
be handled by an expert if neces- 
sary. 

Telemedicine has been used 
since 1959 when early experi- 
menters demonstrated telepsychia- 
try [3] and telefluoroscopy (4], and 
new surgical procedures were first 
broadcast live at national medical 
conferences. In the 1970s and 
19S0s. telemedicine experiments 
focused on the transmission of 
medical images using television. In 
the last five years, most 
telemedicine trials have experi- 
mented with the use of videocon- 
ferencing for remote consultation. 
However, none of these early pro- 
grams has proven to be financially 
self-sustaining 

There are quite a few obstacles 
to be overcome bcl'ore 
telemedicine can he widely 
deployed. Currently, doctors are 
required li> obtain licenses in each 
state in which they plan to practice 
medicine and see patients. Fur- 
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thermore. lecul precedence for remote 
liability has not yet been established. 
Reimbursement policies are also not 
well defined. Teleradiology studies are 
the onlv telemedicine sessions that reg- 
ularly receive reimbursement [6]. 

Another major obstacle to 
telemedicine is the scarcity of high- 
bandwidth telecommunications net- 
works in rural areas, which remains a 
significant problem even as telecom- 
munications networks nationwide are 
upgraded to support the national infor- 
mation infrastructure (Nil). In addi- 
tion, the initial costs of equipment and 
the recurring expenses of telecommuni- 
cations services are considerable. How- 
ever, recent acceptance and deployment 
of picture archiving and communica- 
tions systems (PACS) [7] in hospitals 
and the DICOM medical imaging stan- 
dard can provide an infrastructure to 
facilitate the implementation of 
telemedicine systems. 

Traditionally, almost all medical 
images have been printed on radiologi- 
cal film. This film is expensive to pro- 
duce and easy to misplace, and usually 
only one copy exists, thus limiting the 
number of persons who have simultane- 
ous access to the images. Over the last 
four years, large image management 

and communications systems or PACS, 

such as the Medical Diagnostic Imaging " " 

Support (MDIS) [81 system developed 
for the U S Department of Defense, have been implemei^tcd 
to reduce or eliminate the need for film. PACSs receive digi- 
tal images from various imaging modalities in the hospital and 
store and archive them in a central location from which these 
imaees can be downloaded to any client workstation for dis- 
Dlay across a local or wide area network. This eliminates the 
hassle and cost of lost film. Also, it supports stewing the 
imaees at multiple workstations simultaneously, and allows 
the clinician to manipulate the images digitally (such as zoorn- 
inc or adjusting the brightness and contrast of the image), in 
cases where filmless systems are not yet available or migration 
from existing film libraries to the PACS is necessan/, a laser 
dicitizer or hieh-quality charge coupled device (CCD) camera 
is used to digUize the films. The availability of medical images 
via PACS is an important building block of telemedicine. Fig- 
ure 1 illustrates the extension of a PACS to remote sites using 

telemedicine. \m 

The Digital Imaging and Communications in Medicine 
(DICOM) standard 19) has been under development since 
1983 by the American College of Radiology (ACR) and the 
National Electrical Manufacturers As.sociation (NEMA) to 
tackle the long-standing problem of incompatibility in medical 
imacinc and to provide a standard for interconnection of 
medical imacinc devices on standard networks. Most signifi- 
cantlv the current version 3.0 of DICOM provides a group of 
standard formats which can be used to exchange images inde- 
pcndcni of vendor or modality. PACS and telemedicme sy.s- 
icms that support DICOM formats can then store, manipulate, 
and exchange imaues with all other medical devices and dis- 
nhtv workstations which support the same DICOM formats. 

In ihis-articli:. we discuss the design of multimedia systems 
for telemedicine. First, various applications of telemedicine 
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are presented, and their multimedia and communications 
requirements disctissed. A telemedicine prototype is then pre- 
sented, each of its components discussed and a potential 
future telemedicine system shown. This is followed by a sec- 
tion summarizing the general communication requirements of 
each multimedia bitstream common to te'e^J^S'.nd asvn 
Finally, integrated services digital netv/ork (ISDN) and asyn 
chronous transfer mode (ATM) arc compared as potential 
backbone technologies for telemedicine networks. 

Applications 

The communications needs of a multimedia system for 
telemedicine are largely dependent on the type ot 
telemedicine being addressed. The types of telemedicine 
include teleconsultation. telediagnosis. and tele-education. 
Teleconsultation is the interactive sharing of images and mea- 
ical information in which the primary diagnosis is made by the 
doctor at the location of the patient. The purpose of telecon- 
sultation is to provide a -'second opinion" by a remote special- 
ist to confirm the diagnosis by the 'o"' .P^^^'^'^" °' Jf , ' 
local physician in arriving at a correct diagnosis. In 'his case 
video conferencing, including synchronized two-way a"dio and 
video, is important to support the verbal and nonverbal cues 
used in face-to-face conversation. As long as video is only 
used for conferencing, it does not need to be h'gh-quah Y 
however, audio should be clear and uninterrupted with little 
delav. Image quality should be good, although some loss in 
qualitv mav'be acceptable in teleconsultation. 

Oi^e example of a teleconsultation system is the w AM 
(Washington. Alaska. Montana, and Idaho) Kurai 
Telemedicine Network |l(ll. One rural clinic in each of the 
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Media requirements 




Tderadiology 


Large images 


None 


Telepathology 


Still images 


Microscope, camera 


Teledermatology 


High-quality video or 
still images 


Camera 


Telecardiology 


High-quality video 


None 


Tele-endoscopy 


High-quality video 


None 


Telepsychiatry 


Teleconferencing video 


Camera 



I Table 1 . Telemedicine applications and their media and 
remote control requirements. 



four states has been equipped with two 56 kbys frame relay 
connections and a personal computer (PC)-based teleconfer- 
encing sysiern from PictureTel Corporation (Danvers. Mas- 
sachusetts), including a digital speakerphone. a fax machine, a 
digital camera, an X-ray digitizer, and a monitor. With these 
systems, primary care physicians in the remote clinics can con- 
suit with specialists using a similar system located at the Uni- 
versity of Washington Medical Center or one of the other 
major medical centers in Seattle, Currently, consultations are 
usually scheduled in advance depending on the availability of 
the specialists. Both users can see and speak to each other in 
real time as well as send images and other files to the remote 
site. They can also use a "white board'" to view and annotate 
text or images simultaneously. Diagnostic-quality video (e.g.. 
ultrasound) can be captured and compressed off-line, trans- 
ferred to the remote site, and played back. 

Teledlagnosis is the sharing of images and medical infor- 
mation in which the primary diagnosis is made by a doctor at 
a location remote from the patient. The important distinction 
between teleconsultation and teledlagnosis is that, with leledi- 
agnosis. there should be no significant loss of image quality by the 
telemedicine system in acquisition, compression, processing, 
transmission, and display. Telediagnostic systems can be either 
synchronous (interactive) or asynchronous. Synchronous tele- 
diagnosis has roughly the same video conferencing and docu- 
ment-sharing requirements as teleconsultation, but it takes a 
higher communications bandwidth in order to suppon interac- 
tive image transfer and real-time high-quality diagnostic video. 
Asynchronous telediagnosis is based on a "store-and-forward" 
architecture in which the images, video, audio, and text are 
assembled into a sort of "multimedia email" and delivered to 
the expert for diagnosis at his/her convenience. After the diag- 
nosis is made, the results are delivered to the referring physi- 
cian. If used infrequently, asynchronous telediagnosis could 
have lower bandwidth requirements than either 
.synchronous telediagnosis or teleconsultation. 

In trauma, telediagnosis can be used in an 
emergency situation in which a decision on 
whether or not to evacuate the patient needs to 
be made. For example, this wa.s used in the Gulf 
War to determine whether a wounded soldier 
could be treated in the battlefield or should be 
evacuated to a hu.spital bused i)n X-ray compui- 
ed tomography (CT) images |1 Ij. Similarly, trau- 
ma .specialists can make a limc-critical informed 
decision whether or noi to transfer patients from 
the emergency room of a small remote hospital 
lo a major trauma center. In both cases, fasi 
acces.s U) images and other relevant informalinn ■ Figure 2 
IS essential. interface. 

Telc-cducation is the provision of educational speakers. 
miilcrials <wcr telecommunications networks. In difiiiticr 



terms of medical tele-education, this requires videoconferenc- 
ing with documeni and image sharing capabilities. Depending 
on whether it is used for mentoring (one to one), on-line lec- 
turing, or off-line continuing medical education, il may 
require either point-to-point or point-to-multipoini communi- 
cations. 

Telemedicine systems also vary by the application being 
supported, as shown in Table 1. Specific applications of 
telemedicine include teleradiology. telepathology: telederma- 
tology. telecardiology. tele-endo.scopy, and telepsychiatr^^ Tel- 
eradiology is telemedicine using medical images acquired 
from radiological modalities, which include X-ray. magnetic 
resonance (MR). CT. and nuclear medicine (NM), ultra- 
sound, and others. The spatial and contrast (bits per pixel) 
resolutions of these images vary from modality to modality, 
but the most frequently used radiological images (X-rays) 
have high resolutions (typically 2048 x 2048 and higher) and 
depths (from 8-16 bits/pixel), and correspondingly large file 
sizes when stored digitally. In addition, MR. CT, and NM 
studies typically acquire a series of images which describe 
either a three-dimensional (3D) volume or a time-varying 
cross-section. Typical sizes of image stacks also vary by modal- 
ity from 12 to ICiO images/study. Therefore, the size of a typi- 
cal large imaging study consisting of either 60 512 x 512 12-bit 
CT images or four 2048 x 2048 12-bit X-ray images would be 
approximately 250 Mb, assuming that each 12-bit pixel is 
stored in 2 bytes. 

Telepathology is a form of telemedicine used by patholo- 
gists to examine tissues under a microscope. In some cases, 
pathologists examine tissues resected from a patient for signs 
of cancer while the patient is still anesthetized in an operating 
room to decide whether more resection is necessary. Using 
interactive telepathology, the pathologist can remotely control 
the microscope (focus, stage movement, magnification, and 
image capture) while observing the image obtained and trans- 
mitted from a camera attached to the microscope. In nonin- 
teractive telepathology, a low-power overview image and 
10-20 of the 1000 possible high-power images of the slide are 
selected, captured via a microscope-mounted camera, and 
transferred to the remote pathologist for examination. Teled- 
ermatology resembles telepathology, except that it images the 
skin of a patient instead of a specimen under a microscope 
[12). 

Telecardiology is the transmission of images of the heart 
using telemedicine. In ultrasound cardiology, a sonographer 
positions an ultrasound transducer near the patient's heart. 
The ultrasound machine processes the signals from the trans- 
ducer in real time and outputs a dynamic image sequence of 
the heart at the video rate. In telecardiology. this video 
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. .-1 future telemedicine s\sicm. includinp (from left lo ri^lii) A TM 
electronic stethoscope. ili\iilul Mowl pres.nire cuff', monitor with 
microphone and camera, keyboard and mouse. PC. and film 
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consukani, who views it in real time, 
directs the sonographer where to posi- 
tion the transducer, and mai<es a diagnosis. 

An endoscope is a device used to 
produce images of structures inside the 
body. In tele-endoscopy, a doctor guides 
the endoscope to the location of inter- 
est. As with telecardidlogy. a remote 
specialist could view the video sequence 
from the endoscope in real time, direct 
the doctor controlling the endoscope, 
and make a diagnosis or offer an expert 
opmion. 

Telepsychiatry is a form of 
telemedicine supporting the remote 
practice of psychiatry. This requires 
mainly video conferencing, including 
synchronized rwo-way audio and video 
with remotely controllable cameras. 

Telemedicine Systems 

/n order to gain first-hand experience 
with telemedicine and systematically 
analyze and collect its requirements, we 
have developed a prototypical 
telemedicine workstation [13). Because 
of its flexibility and processing power, 
the MediaStation 5000 (MS5000) (14). 
which was designed and implemented 
by our team, has been used as the cen- 
terpiece of the workstation. The, 

MS5000 is a single-board multimedia 
system capable of digitizing stereo audio and video, displaying 
up to 1280 X 1024 pixels, and performing image processing 
tasks requiring up to 2 billion operations/s. including real-time 
Motion Picture Experts Group 1 (MPEG-1) or H.320 com- 
pression and decompression, using the Texas Instruments 
TMS320C80 digital signal processor [15). Coupled with an 
ATM network adapter, the system has been equipped to 
transmit and receive video, audio, and medical images. 
Because the MS5000 is programmable, it can also perform 
image display, image processing, and graphics functions such 
as window and level, unsharp masking, and 3D reconstruction. 

Two telemedicine workstations were connected between 
the University of Washington and Madigan Army Medical 
Center {50 miles from the university) in January 1995 and 
demonstrated to a group of physicians from the University of 
Washington. .Madigan Army Medical Center, and Seattle Vet- 
cran s Administration Hospital. A workstation, a Fore Sys- 
tems (Warrendale. Pennsylvania) ASX-200 ATM switch and a 
DS-3 connection to a US West regional fiber ring supporting 
• ATM over synchronous optical network (SONET) were 
installed at each site. X-ray. CT. and MR images were 
exchanged, manipulated, and discussed interactively between 
the two site.s. Ultrasound video was acquired, compressed at 
one "iiic, transmitted, decompressed, and displayed at the 
other site in real time using MPEG-1 at 30 frames per second 
(FPS) The general response from the physicians was positive, 
particularly with regard to the image quality, real-time MPEG 
video, and responsiveness of the system. Also, several areas 
for improvement were identified. Most significantly, the host 
central procevsing unit (CPU) (i486) and host buses (VL and 
EISA) ul each wurkstaiion proved to he a bottleneck, limiting 
image transfer throughput to l.VlS Mb/s out of the 45 Mb/s 
DS-3 services. 
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The following requirements for a telemedicine system have 
been compiled based on this experience with telemedicine. 
Figure 2 illustrates a possible telemedicine workstation of the 
future which would be used in a remote location. This work- 
station would include an ATM interface, an electronic stetho- 
scope, a digital blood pressure cuff, a monitor with speakers, a 
microphone and a camera, a PC, and a film digitizer. The cor- 
responding system used by the consultant would be similar, 
but may not require media acquisition devices such as the film 
digitizer and stethoscope. Depending on a specific application, 
multimedia systems for telemedicine will require different 
combinations of the hardware and/or software components 
described under each of the following categories. 

MEDIA Acquisition 

Images may be obtained from a number of sources. Still digi- 
tal cameras can be used for acquiring high-resolution images 
(e.g., for teledermatology or telepathology). X-ray films are 
digitized with laser scanners, while images from digital imag- 
ing modalities such as MR, CT. and CR are available directly 
in digital. DICOM-compliant formats. 

Digital video may be either available directly (e.g., digital 
biistreams from CD ROM. digital video disks, or next-genera- 
tion ultrasound machines) or acquired through the combina- 
tion of a video digitizer and an analog video source, such as a 
video camera, an ultra.sound imager, or an endoscope. .Audio 
may be obtained using an audio digitizer, while a digital 
stethoscope could provide another audio source. 

Media storage 

Video and audio clips and medical images require temporary 
or permanent local storage. This storage can be provided 
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Multimedia streams 


Description 


Real-time? 


Range of 
bitrates 


System stream 


Session connection/disconnection, 
mouse movements, synchronization 


No 


Negligible 


Audio conferencing stream 


Full duplex, C.72x audio 


Yes 


10-128 kb/s 


Diagnostic audio stream 


One-way, CD-quality, stereo audio 


Yes 


32-768 kb/s 

. 


Video conferencing stream 


Two-way, H.261 video 


Yes 


64 kb/s-1 .92 Mb/s 


Diagnostic video stream 


One-way, MPEG-2 video 


Yes 


3-15 Mb/s 


Image transfer stream 


Image transmission for consultation 


No 


7 Mb/s 



I Table 2. Networking requirements of multimedia streams. 



through either magnetic and/or magneto-optical (MO) drives. 
If the telemedicine system is incorporated within a PACS as 
shown in Fig. 1, new incoming and old comparison images can 
be stored permanently in the PACS archive and accessed by 
the telemedicine system as needed. 

Compression/Decompression 

Compression of medical images has been historically 
reversible or "lossless," limiting compression ratios to between 
2:1 and 4:1. Lossy compression schemes have not been widely 
used for both clinical and legal reasons. However, standard 
and newer compression algorithms such as Joint Photographic 
Experts Group (JPEG) and wavelet-based compression can 
yield "visually lossless" images with compression ratio between 
10:1 and 20:1 [16. 17], which produce statistically identical 
diagnostic results compared with using Che original images 
without any lossy compression. If this kind of compression is 
properly used and does not require much additional time for 
compression and decompression, it can significantly reduce 
the communications bandwidth, storage requirements, and 
overall delay in telemedicine systems. 

The accepted international standard for videoconferencing 
is H.320 (18) which includes support for video (H.261) and 
audio (G.722, G.728) compression/decompression, multiplex- 
ing, and synchronization, as well as document sharing (T.120). 
H.320 is designed to work over the range of ISDN connec- 
tions (from 64 kb/s to 1.92 Mb/s). There exist other compres- 
sion standards which support higher-quality video and have 
correspondingly higher bandwidth requirements. Motion 
JPEG is a "symmetric" coder/decoder (codec) (it requires 
roughly the same amount of computation to encode and 
decode frames), which eliminates intraframe redundancy. Bet- 
ter compression ratios could be obtained by utilizing both 
interframe and intraframe redundancies. These algorithms 
require "asymmetric" codecs (which take significantly more 
computation to encode than to decode the frames due to 
motion estimation between successive video frames) such as 
MPEG-1 (19) or MPEG-2 [20). MPEG-1 is mainly designed 
to compress video into a 1.2 Mb/s bitstream for VHS- or high- 
er-quality video at higher bit rates. MPEG-2 is more flexible 
und support.<: various combinations of levels and profiles from 
VHS-quality up to high-definition television (HDTV)-quality 
video. Ai the main profile and main level, MPEG-2 can com- 
press 720 X 480 video at 30 FPS into a 5-15 Mb/s bitstream 
121). 

Some compression can be accomplished in software, 
depending on the main CPU of the telemedicine system. 
For example, the public-domain MPEG decoder developed 
by MPEG Software Simulation Group achieves about 1 
FPS on a PC with a 66 MHz Intel i486 processor and 1.4 
FPS on u SpurcStatlon 2 with an 80 MHz Weitek processor. 
On a high-end Sun SparcStution 2(1/71 thai uses a three- 



issue superscalar processor run- 
ning at 75 MHz. we have 
achieved about 5 FPS. To achieve 
the necessary image and video 
compression for telemedicine at 
real-time rates, a dedicated com- 
pression/ decompression board 
based on either programmable 
DSPs such as the Texas Instru- 
ments TMS320C8X family or spe- 
cial compression chipsets such as 
those from LSI Logic. C-Cube, or 
SGS-Thomson is normally 
required. 

Image and Video Processing 

Image processing requirements for telemedicine applications 
can be derived from duplicating the functionality available to 
corresponding tasks performed in the clinical environment 
without telemedicine. For. example, radiologists and clinicians 
often have default orientations for images (e.g., the left por- 
tion of the image corresponds to the patient's left) which can 
vary between hospitals, departments, individuals, or imaging 
modalities. Basic image manipulation functions such as 90- 
degree rotations and horizontal and vertical flips are essential 
to correct the errors in image acquisition and ensure that 
images can be presented to the clinicians iri the way in which 
they are accustomed to viewing them. This is particularly 
imponant in teleradiology. Zooming and panning are necessi- 
tated by the limited spatial resolution of cathode ray tubes 
(CRTs) when compared to X-ray films. Real-time window/level 
(brightness and contrast adjustment) is required by the need 
to interactively examine medical images with more than 8 
b/pixel by adjusting the range (window) and the center posi- 
tion (level) in the wide input dynamic range [22]. In the case 
of diagnostic video, manipulation functions such as play, 
record, pause, and rewind are important for simulating the 
VCR environment often used in ultrasound consultation. 

User Interface 
The user interface should be graphical due to the fact that 
much of the information being shared in a telemedicine sys- 
tem is inherently graphical. One or more high-resolution dis- 
plays, a keyboard, a pointing device such as a mouse, and a 
window manager such as Microsoft Windows make up a basic 
telemedicine user interface. These are all in addition to the 
multimedia devices (cameras, microphones, speakers) required 
by the application, in the future, a telemedicine interface 
needs to become "simpler." A single display, a single primary 
input device such as a reliable voice recognition unit for com- 
mands and report writing or a virtual reality glove, and 
automation of the most common tasks such as communica- 
tions connection and disconnection and bandwidth allocation 
could significantly reduce the "information overload" of 
telemedicine interfaces and allow the user to focus on the 
tasks at hand. 

Network Interfaces 

Required network interfaces for telemedicine can range from 
low to high bandwidth, depending on the application. Low- 
bandwidth interfaces should support multiple links because 
low-bandwidth connections are often combined together to 
provide the bandwidth necessary for telemedicine. These 
interfaces include V.34 plain old telephone service (POTS) 
connections. 56 kb/s dedicated or frame relay connections. 
ISDN connections from 64 kb/s to 1.92 Mb/s. and fractional 
and full Tl inierfaces which provide up lo 1.54 Mb/s per con- 
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nection. Higher-bandwidth interfaces 
include TAXI (100 Mb/s) and SONET 
(155 Mb/s and higher). Furthermore, 
interfaces between the wide area net- 
work and local area networks (e.g.. Eth- 
ernet, fiber distributed data interface. 
FDDI) will be required to allow the 
clinicians and other health care 
providers to access medical imaging 
devices. PACSs. and other medical 
information systems regardless of where 
they are located. 

in a telemedicine system using spe- 
cial hardware for compression, it is 
highly desirable for the network inter- 
face to be tightly integrated with the 
compression hardware. This decreases 
network latency and reduces the pro- 
cessing load on the host. Bus mastering 
support by both the network interface 
and the compression hardware in a sin- 
gle-bus configuration could provide 
good performance, assuming other bus 
masters (including the host CPU) 
release control of the bus quickly. A 
better alternative would be to use a 
connection separate from the host bus. 
such as a second bus, or a high-speed 
serial conneccion. such as IEEE P1394 
(Firewirc) [23]. 

Network Protocols 

Support for standard networking proto- 
cols is critical to telemedicine systems 
in order to meet the performance and 
interoperability requirements. ATM [24] is the preferred 
internetworking protocol between telemedicine systems based 
on the bandwidth and quality of service requirements of medical 
video and imaging applications. Wide area networking con- 
nections at rates lower than Tl require ISDN or similar pro- 
tocols. In locations where ISDN is not available. POTS could 
be used to support H.324 videoconferencing, a derivative of 
H.320 which includes support for communications at up to 64 
kb/s. In addition, support for Transmission Control Proto- 
col/Internet Protocol (TCP/IP) is most likely a requirement 
on both the LAN and WAN interfaces for access to medical 
record.s and other resources on remote local area networks. 

Standards for supporting real-time audio and video ser- 
vices over most networking protocols, including ATM. are still 
being defined. Unlike H.320 (which was designed specifically 
for ISDN), most video compression methods have not been 
designed for a specific networking model. For instance. 
MPEC-2 depend.s on a constant channel delay to properly 
receive timing information [20]. ATM guarantees a maximum 
variance in delay, but not a constant delay. There is also a sig- 
nificant amount of redundancy in timing, multiplexing, and 
error detection and recovery information between the MPEG- 
2 transport stream and the ATM adaptation layer. The 
MPEG-2 quantization scale, which determines the compres- 
sion ratio, does not automatically adjust to changes in the 
;ivuiluble network bandwidth. Therefore, although it is possi- 
ble ID carry MPEG-2 over ATM. the two standards arc cur- 
rently not well integrated. The ATM Forum i.s in the process 
of establishing a standard for better support of MPEG-2 over 
ATM [25]. Ways to guarantee a certain video or audio quality 
in the prcsencL- o1 fi>ngcstit>n jnd other properties of real- 
world networks need to be investigated further. 



Communications Requirements 

rhe cumulative communications requirements of a 
telemedicine system vary from one application to another. 
The following discussion, summarized in Table 2. describes 
the general communication requirements of each bitstream 
common to telemedicine systems. 

Video 

Telemedicine systems could require up to two or three simul- 
taneous video bitstreams: two low-rate bitsireams for telecon- 
ferencing with an optional high-rate bitstream for diagnostic 
video. H.261 (64 kb/s to 1.92 Mb/s). H.263 (15-34 kb/s). or 
MPEG-1 (1.2-2 Mb/s) are suitable for each teleconferencing 
video stream, while better quality compression algorithms 
such as MPEG-1 or MPEG-2 at 3-15 Mb/s might be needed 
for the diagnostic video stream. In all cases, latency' and jitter 
(the variance in the network arrival rate) of the real-time 
video streams are critical and should be minimized. 

Audio 

In addition to video, telemedicine .<;ystems require up to two 
or three simulianeou.s audio bitstreams: two low-rate bit- 
streams for teleconferencing, with an optional high-rate bit- 
stream for diagnostic audio such as an electronic stethoscope 
or Doppler ultrasound audio. For example, a stethoscope 
from Andries Tek Inc. (Austin. Texas) can output good-quali- 
ty digital audio at 128 kb/s using the Dolby AC-2 algorithm. 
Basic G.71 1 at 56 kb/s is noisy and considered unacceptable 
for medical consultation. However. G.722 (48-64 kb/s). G.723 
(5-6 kb/s). G.7:6 (32 kb/s) and G.72S ( 16 kb/s) arc more 
acceptable for teleconferencing. Diagnostic audio streams 
could require CD-qualiry audio such as MPEG-1 layer 2 ;iudio 
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(32-256 kb/s) or Dolby AC-3 
(96-768 kb/s). Teleconferencing 
audio needs to be synchronized 
with the video streams, and. as with 
video, latency and jitter of the real- 
time audio biistreams should be 
minimized. - - 

Images 

Images are generally transnnitted 
unidirectionally. so a single image 
transfer stream is sufficient. Image 
transfers are high-volume (e.g., 
10-250 Mb/transfer) and bursty 
(low mean transfer rate with high 
maximal transfer rates). Therefore, 
the image transfer stream could be 
normally disabled and enabled 
dynamically as needed. Bandwidth 
required is dependent on the types 
of images supported and the accept- 
able image delay. For example, a 
typical X-ray image is digitized at a 
resolution of 2048 x 2048 pixels and 
12 b/pixel with each pixel stored in 2 bytes. If the maximum 
acceptable delay is 10 s/image. a bandwidth of at least 7 Mb/s 
would be required to transfer the image within this limit, 
ignoring network overhead and traffic. Unlike video and 
audio streams, latency is less critical to image transfers, and 
jitter is irrelevant. 

Medical Records 

Electronic medical record transfers are unidirectional trans- 
fers of principally text information. Text is compact and 
requires little bandwidth. Even an abnormally large patient 
record of 100 typewritten pages would represent only 3 Mb of 
uncompressed information. However, frequent additions of 
nontext information such as scanned handwritten records, 
electrocardiograms (ECGs), and other graphics records to the 
electronic patient record couid significantly increase the size 
of the patient record and the required bandwidth. Medical 
records are also fairly static. Most of the medical records 
could be transferred prior to the telemedicine session. As with 
image transfers, bandwidth should be allocated to medical 
record transfer during a telemedicine session only as needed, 
latency is not critical, and jitter is irrelevani. 

Telemedicine Backbone: 
ISDN OR ATM? 

Given the previously described communication require- 
ments, the question arises of which combination of tech- 
nologies is best suited lu a networking backbone for 
telemedicine. Most wide -area data networks today are routed 
networks which depend on routers to link the various local 
urea networks. Routers work ul a high level in the protocol 
hierarchy and exchange packets of information between net- 
works of similar or different architecture fairly efficiently. 
However, routers are fundamentally shared network resources 
iind do noi prtwidc guaranices m network bandwidth or quali- 
ty ol service. Switches, on the other hand, work at a lower 
level in the protocol stack and transfer packets or streams of 
inlormation between similar networks far more efficiently. 
More important, switches arc dedicated network resources 
and can guarantee network bandwidth and quality of service. 
Tclemedieinc"s requirements on bandwidth, latency, and jitter 
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make switch-based networks more 
suitable for telemedicine. Of the 
emerging switch-based wide area 
networking services. ISDN and 
ATM are the services best suited to . 
telemedicine. excluding low-quality 
video conferencing such as H.324 
over POTS. By comparison, frame 
relay uses variable-size packets 
which make it less suitable for real- 
time services, and switched multi- 
megabit data service (SMDS) offers 
reasonably high bandwidths (up to 
155 Mb/s). but not the quality-of- 
service guarantees of ATM. 

The bandwidth range of ISDN is 
from 64 kb/s (basic rate interface, 
BRI) to 1.92 Mb/s (primary rate 
interface. PRI), while ATM can 
support from 1.54 Mb/s (Tl ) to 2.4 
Gb/s (OC-48) and beyond. The 
advantages of BRI ISDN are imme- 
■■■■■■■■■■■■■■■ diate availability in most areas. 

inexpensive telecommunications 
equipment and line rates, and greater protocol support among 
existing computing hardware and software [26]. However, 
bandwidth limitations confine video to two-way H.261 telecon- 
ferencing or one-way MPEG-1 at VHS quality even over PRI 
ISDN. Without compression, a large image transfer of 250 Mb 
over ISDN would require more than 2000 s at 128 kb/s or 130 
s at 1.92 Mb/s, ignoring network overhead, during which no 
other operations could be performed. With 20:1 compression, 
this transfer would require 100 s at 128 kb/s or 6.5 s at 1.92 
Mb/s, ignoring the time necessar\' to compress and decom- 
press the images. 

The advantages of ATM are higher bandwidths and statis- 
tical multiplexing of small packets (cells) with guaranteed 
bandwidth and minimal latency and jitter [27]. Unlike ISDN, 
the range of bandwidths supported by ATM is sufficient for 
the entire range of telemedicine applications, including 
MPEG-2 video streams. A large image transfer of 250 Mb 
would require 1.6 s at 155 Mb/s without compression, ignoring 
network overhead. With 20:1 compression and ignoring the 
time necessary to compress and decompres.s the images, this 
transfer would require only 0.08 s at 155 Mb/s. In addition, 
because ATM connections sharing physical links are logically 
separate, excess traffic from one connection would not impact 
other connections, including connections between the same 
source and destination. ATM also offers "bandwidth on 
demand." which allows a connection to deliver a higher band- 
width only when it is needed. The disadvantages of using 
ATM for telemedicine are the high costs and scarcity of ATM 
equipment and telecommunications lines, especially to rural 
areas. However. ATM equipment and line availability has 
been increasing steadily and is expected to improve consider- 
ably in the future, and costs are expected to decrease as the 
size of the ATM market and user acceptance increase, li 
should be noted that ATM is one of the technologies being 
evaluated by telecommunications and interactive television 
companies for providing video dial tone .services to the home. 
Besides contributing to the ATM infrastructure. ATM to the 
home would have major implications for telemedicine. includ- 
ing emergency services, remote monitoring of vital signs, and 
home patient education, thus providing a communications 
infrastructure to realize an ultimate goal in telemedicine. the 
"electronic housecall." 
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Conclusions 

rhe networking requirements of telemedicine are applica- 
tion-specific. In most cases, telemedicine is much more 
than just teleconferencing. ISDN could be used in some low- 
end applications, but BRI ISDN does not provide the band- 
width necessary for a large number of telemedicine 
applications which require simultaneous multimedia bit- 
streams, especially diagnostic -quality, full-motion video. Many 
telemedicine applications would require the higher bandwidth 
and guaranteed qualities of service supported by ATM. 

There are numerous technical and nontechnical challenges 
facing telemedicine. Telemedicine will grow slower than 
expected until several key issues, including cost effectiveness, 
are addressed and resolved. However, the power and attrac- 
tiveness of telemedicine. health care market realignment, 
encouragement by various government agencies, decreasing 
costs of telecommunications and multimedia, and further clin- 
ical experience will ultimately facilitate telemedicine's use and 
wide acceptance in the future. 
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